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TECHNICAL NOTE 3230

INVESTIGATION OF DISTRIBUZED SURFACE ROUGHNESS
ON A BODY OF REVOLUTION AT A
MACH NUMBER OF 1.61

By K. R. Czarnecki, Ross B. Robinson,
and John H. Hilton, Jr.

SUMMARY

An investigation has been made of the effects of distributed sur-
face roughness, consisting of lathe-tool marks, on the skin-friction
drag of a body of revolution at a Mach number of 1.61. The tests were
made on ogive-cylinders at zero angle of attack over a roughness range
from 23 to 480 microinches root mean square and over a Reynolds number

renge from 2.5 X lO6 to 37 X 106.

The results indicate that the effects of surface roughness at a
Mach number of 1.6l are generally similar to those found at subsonic
speeds. Both the allowable roughness helght for a turbulent boundary
layer and the variation with Reynolds number of the increment in skin-
friction drag due to roughness are in good agreement with Nikuradse's
low-speed data. At constant velocity, the allowable roughness height
is nearly independent of model length and dependent primarily upon
changes 1n Reynolds number per foot. As an approximation, in inches
root mean square,

Allowable roughness height = 19.8 X (Reynolds number per foot )09

An increase in surface roughness caused a small decrease in the
Reynolds number for transition at the model base for the ogive-cylinders
tested and had little or no effect on surface-temperature-recovery fac-
tors for the laminar or turbulent boundary layers. Pressure gradients
or body shapes apparently have little or no effect on the aversge skin-
friction drag coefficient for smooth bodies of high fineness ratio when
the boundary layer is turbulent.
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INTRODUCTION

The basic laws of skin friction on rough surfaces were established
by Nikuradse about 1933 by means of tests of rough pipes with water.
These results are translated in reference 1. Shortly thereafter,
Prandtl and Schlichting (ref. 2) showed how the pipe results could be
applied to a flat plate. This information, however, found little prac-
tical use in aeronautics at that time because the airplanes of that
date had very high form drag and relatively low meximim speeds and
these factors precluded any sizable effects due to surface roughness.

As airplanes became more streamlined and their meximum speeds increased,
surface-roughness effects became important and numerous investigations
of these effects were made at subsonic speeds. With the attainment of
supersonic speeds, surface-roughness effects take on increased importance,
not only from the standpoint of skin-friction drag but also because of
the increased rates of heat transfer that may be expected. However,
prior to the present work no research on roughness effects at supersonic
speeds had been conducted. The purpose of this investigation was to
determine the effects of distributed roughness on the drag of a body of
revolution at a Mach number of 1.61 for comparison and correlation with
the available subsonic information.

The investigation was conducted in the Langley 4- by 4-foot super-
sonic pressure tunnel on four ogive-cylinder models having nominal dis-
tributed surface roughness, generated by lathe tools, of 23, 85, 240,
and 480 microinches root mean square. The models were identical in
shape and had an ogival nose 3 calibers in length and an overall fine-
ness ratio of 12.2. Tests were made at zero angle of attack with natural
transition and with tramsition fixed near the model nose over a Reynolds

number range from about 2.5 X 106 to @bout 37 X 106, based on body length.
On the models with roughnesses of 23 and 480 microinches, the surface-
temperature—recovery-factor distribution was also determined for the same
range of test conditions. The resulting skin-friction data are compared
with Nikuradse's low-speed results.

SYMBOLS
CDp total drag coefficient, D/qSe
- P
CDB base drag coefficient, BBEE——l
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Cop

Cff

Forebody pressure drag
aSe

forebody pressure-drag coefficient,

skin-friction drag coefficient based on Sg, CDT - CDB - CDP

X s
skin-friction drag coefficient based on Sy, Cff gf

incremental skin-friction coefficlent with turbulent boundary
layers  (Cty)rough model = (Cfw)smooth model

total drag

model length

model diameter

meximim frontal erea of model
total wetted area of model

longitudinal distence along model axis from nose

roughness height, root-mean-square values

roughness height, absolute values,

k
0.707
Mach number

velocity of free stream
kinematic viscosity

Reynolds number, UL/v
Reynolds number per foot
dynamic pressure

static pressure

thickness of laminar sublayer
temperature, °F abs

equilibrium surface temperature, zero heat transfer, OF abs




i NACA TN 3230

r temperature-recovery factor, defined by Tg = Tz<l +r 7 ; 1 M12>
Y ratio of specific heats of air, 1.40

Subscripts:

ad admissible or allowable

B base

1 local conditions just outside boundary layer

L laminar sublayer

tr transition

1 free stream

APPARATUS AND METHODS

Wind Tunnel

The tests were made in the Langley 4~ by 4-foot supersonic pressure
tunnel. Calibration of the test-section flow at M = 1.61 indicates a
Mach number veriation of about +0.01 and no significant flow irregulsr-
ities in the stream flow direction. The turbulence level in the test
section is not known, but for all stagnation pressures it is less than
0.9 percent of the flow velocity in the subsonic flow some distance
upstream of the first minimum (ref. 3).

Models

The aluminum models were bodies of revolution composed of a 3-caliber
ogive nose and a cylindrical afterbody (see fig. 1). Approximately con-
stant, uniformly distributed roughness was produced by lathe-tool marks
on the entire surface of each model (fig. 2), except near the nose
(approximately the first 2 in.) where control of the roughness was
impossible. The average roughness, dimensions, and areas of the models
are given in table 1. Surface roughness of the models was measured in
microinches, root meen square, by means of a Physicists Research Co.
Profilometer, Model No. 11.
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The models were sting mounted. Total-drag measurements were made
with a single~-component strain-gage balance. Actually, because of the
fallure of two sets of drag beams, three separate bdlances were used
in the course of the tests. Base pressures were measured with a single
tube well inside the model and by taking an average of the values given
by three tubes spaced radially in the plane of the base. Skin tempera-
tures were measured with two longitudinal rows of thermocouples connected
to Brown self-balancing potentiometers. The rows were 180° apart, one
contalning 15 thermocouples and the other containing 5. The longitudinal
position of the thermocouples is given in table 2. The first 12 thermo-
couples were on one potentiometer, the last 8 on another.

A cylindrical wooden block approximately the same diameter as the
models and 4 inches long was positioned sbout 1/8 inch back of the model
base for tests of the models with roughness of 23 and 480 microinches
to reduce the load on the balance at high stagnation pressures. A
higher capacity balence installed in the models with roughness of 85
and 240 microinches made the blocks unnecessary for tests of these
configurations.

Tests

All tests were made with the models 'at zero angle of attack through
a stagnation-pressure range from 2 to about 33 Ib/sq in. abs, corre-
sponding to Reynolds numbers based on model length of about 2.5 X 10
to 37 X 10°. Tunnel stagnation temperatures varied from about 95° F to
125° ¥, depending on the stagnation pressure. The tunnel dewpoint was
sufficiently low to prevent significant condensation effects.

Drag and base-pressure data were taken through the Reynolds number
range on all the models with natural and fixed transition. Transition
was fixed asbout 1/2 inch back of the nose of the model with No. 60 carbo-
rundum grains cemented to the model surface. Temperature measurements
for the condition of zero heat transfer were made through the Reynolds
nunber range on the models with roughness of 23 and 480 microinches with
natural and fixed transition.

One group of runs was made with sandpaper on various parts of the
cylindrical afterbody-of the 23-microinch-roughness model with transi-
tion fixed near the nose. Number 6/0 garnet paper, having a roughness
of about 400 microinches root mean square was glued to the model and
faired smoothly into the surface. Tests were made with the front half,
the rear half, and all the cylinder covered.

Considerable difficulty was encountered in obtaining accurate body-
drag measuremengs with naEural transition at high Reynolds numbers
because of the sandblast action of particles in the tunnel airstream.
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The pits and peaks produced by these particles on the soft surface were
removed as completely as possible and several repeat runs made with each
model in an attempt to obtain data free of sandblast effects.

The tests were made in two parts, series A and series B, because
of failure of the tunnel drive equipment. The first set of force and
pressure measurements made on the 23- and 480-microinch-roughness
models and all the temperatures obtalned on the 23-microinch-roughness
model are designated series ‘A data. Most of the data were obtained in
the second part of the test and are called series B data.

Data Reduction

The values of skin-friction drag were obtained by subtracting the
base drag and forebody pressure-drag coefficients from the total drag
coefficient determined by means of the balance. The base drag coeffi-
cient was obtained from base-pressure measurements. The forebody pres-
sure drag was determined from measured pressure distributions over the
nose of the 85-microinch-roughness model at Reynolds numbers (based on
model length) of 7 x 10%, 17.5 x 100, and 28 x 10°. Since the variation
of the value of CDP with Reynolds number was of about the same order

as the scatter 1n the data, a constant value of CDP = 0.101 was used
throughout the Reynolds number range for all the models.

Corrections and Accuracy

No corrections were made for buoyancy since this effect was found
to be negligible. Previous calibrations have shown a slight decrease
in test-section Mach nunber at stagnation pressures below U Ib/sq in. abs.
However, estimates indicate that no corrections to the data are required.

The probaeble error in skin-friction coefficient (based on wetted
area) is estimated to be about +0.0001 for Reynolds numbers near

15 X 10®. At higher Reymolds numbers this value may be conservative,
but at the low values of Reynolds number for the configurations with
natural transition the error may be two or three times as great.
RESULTS AND DISCUSSION
General Remarks

Sample plots of the types of data obtained in this investigation of
surface-roughness effects are shown in figure 5. These curves indicate
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the typicael variations of totsasl, base, and skin-friction drag coeffi-
clents with test Reynolds number that were observed when tests were
made without base blocks. The same basic types of data were obtained
when base blocks were installed, except that the levels of the total
and base drag coefficilients were decreased. All coefficients presented
here are based on the maximum cross-sectional area of the model. In
general, the curves of this figure represent the results of several
test runs made on each model. For the 23- and 480-microinch-roughness
models, some of the tests were made with considerable time intervening;
hence, the tests are identified as series A and series B tests.

With transition fixed, repeat runs were always in good agreement
with previous tests. With natural transition, however, considerable
difficulty was encountered with sandblast effects such as those depicted
by the abrupt rise in the curves for total drag and skin-friction coef-
ficients for the 480-microinch-roughness model at R = 18 X 10° or more

and the 23-microinch-roughness model at R = 24 X 106. Most of the data
affected by sandblasting have been omitted; in some instances as many.
as half a dozen attempts were unsuccessful in obtaining satisfactory

results at the higher Reynolds numbers (15 X 105 or more). The results
presented in this paper are believed to be the best obtainable from a
reasonable attempt at eliminating sandblast effects on aluminum models
in this tunnel.

At low Reynolds numbers (below about 15 X 106), the results from
the different test runs were in good agreement except that the series A
tests on the 23- and 480-microinch-roughness models with natural transi-
tion consistently showed a small increase in Reynolds number for transi-
tion at the base and a somewhat lower skin-friction coefficlent in the
lower Reynolds number range relative to the series B tests. The reason
for this discrepancy is not known.

Effects of Surface Roughness on Skin Friction

The complete skin-friction results, converted to skin-friction
coefficient based on wetted area, are plotted on a logarithmic scale
in figure 4. TIncluded in the figure are the theoretical skin-friction
curves for the laminar and turbulent boundary layers. The laminar
skin-friction curve was computed by the Chapman-Rubesin technique (ref. k)
for a flat plate and converted to a cone-cylinder by means of Mangler's
transformetion (ref. 5), a zero pressure gradient being assumed. The
theoretical turbulent curve was calculated by the extended Frankl-
Voishel method of reference 6.

In order to simplify the comparison of the results for the different
model roughnesses, the skin-friction data for all four models are pre-
sented on a single plot in figure 5. Only data from series B tests are
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employed so that the comparison will avoid introducing any effects due
to the aforementioned slight change in skin~-friction drag characteris-
tics between the two test series in the lower Reynolds number range

with natural transition. Imn order to simplify the comparison further,
the test points have been omitted from the curves for natural transition.

The natural-transition results (fig. 5) indicate that at the
lowest test Reynolds numbers the flow over the models is laminar and
the skin-friction drag is approximaetely parallel to the theoretical
curves, although of somewhat greater magnitude. The difference between
the laminar skin-friction drag coefficients of the various models is
believed to be due largely to the low accuracy resulting from the low
pressures and small forces. At a Reynolds number of 4 x 106 approxi-
mately, transition occurs at the model base and thence begins to move
forward on the body with further increase in Reynolds number. The abrupt
increases in skin friction occurring at the higher Reyrolds numbers on
the 23~ and 85-microinch-roughness models are attributed meinly to sand-
blasting effects.

A plot of the Reynolds mumber for transition at the base as a
function of model roughness is presented in figure 6. Since it is
somevwhat difficult to determine the transition Reynolds number from the
force tests alone, use was made of the base drag coefficients (fig. 7).
Past experience has indicated that transition at the model base colncldes
with the sharp negative-pressure peak or the initial peak in base drag
coefficient. Included in figure 6 is one point from tests of an iden-
tical ogive-cylinder model with a surface roughness of 5 to 6 microinches
root mean square (ref. 7). The results (fig. 6) show a gradusl decrease
in transition Reynolds number wlth increase in model surface roughness.

With transition fixed (fig. 5) the skin-friction drags for the
23- and 85-microinch-roughness models were about equal and in good
agreement with the theoretical skin friction over the Reynolds number
range. It might be noted at this point that the skin-friction drag
results for several NACA RM-10 models (ref. 8) and some oglve-cylinder
and cone-cylinder models (ref. 7) having the same fineness ratio and a
surface roughness of about 5 to 6 microinches root mean square are in
good agreement with one another and with the extended Frankl-Voishel
theoretical curve at this Mach number. Thus, it mey be concluded that
this theory is representative of the skin-friction results obtained in
the Langley 4- by 4-foot supersonic pressure tunnel at M = 1.61 and
that, for bodies of high fineness ratio, body shapes and pressure gradi-
ents have little effect on the average turbulent skin-friction drag
coefficients.

As the surface roughness is increased from 85 to 240 and 480 micro-
inches root mean square, the skin-friction curves for the rougher models
first follow the skin-friction curves for the smoother bodies and then
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begin to diverge (fig. 5). For the 480-microinch-roughness model, the
divergence Reynolds number was estimated to be about 7 X 106 and for
the 240-microinch-roughness model about 17 X 100. The fact that the
skin-friction coefficients are still increasing with Reynolds number at
the highest test Reynolds number for the 480-microinch-roughness model
indicates that the surface friction has not yet reached the point where
1t 1is independent of Reynolds number and becomes a function of roughness
height only (ref. 1). It might be expected that the skin-friction
coefficients for the 240-microinch-roughness model will also increase
somewhat at Reynolds numbers larger than those of the tests before
leveling off in the region where skin friction is independent of
Reynolds number.

In these tests the largest increment in skin-friction drag was
measured on the 480-microinch-roughness model at the highest test

Reynolds number of 37 X 106. This increment was about 60 percent of

the skin-friction drag of the smooth body with turbulent boundary layer
at that value of Reynolds number. At higher Reynolds numbers, of course,
the increment in terms of smooth-body dreg would increase still further.

The relatively high drag for the hBO—microinch—roughness model
(fig. 5) in the Reynolds mumber range from 3 x 100 to 6 x 100 may be
partly due to the wave drag of the roughness at the forward end of the
distributed roughness. The decrease in skin friction for the same model
at the lowest values of Reynolds number apperently occurred because the
transition strip was not made sufficiently rough to fix transition when
the laminar boundary layer was relatively thick. The roughness of the
transition strip 1s dependent upon the depth to which the carborumdum
grains are imbedded in the lacquer adhesive and this depth is difficult
to control.

Comparison With Nikuradse's Results

The Reynolds numbers at which surface roughness first caused an
increase in skin-friction drag ebove that for a smooth body with turbu-
lent flow are compared with Nikuradse's results reduced to a flat plate
(ref. 2) in figure 8. The plots are made as functions of both Reynolds
number end Reynolds number per foot for reasons that will be apparent
from subsequent discussions. The curves may also be interpreted as
depicting the allowable roughness height at any R or Ryt below
which there will be no effects due to roughness. In order to effect
this comparison it was assumed that the surface roughness on the present
test models was approximately sinusoidal in nature and that the root-
mean-square values could be converted to maximum height by dividing
by 0.707. The Nikuradse curve was obtained by plotting values of
divergence Reynolds number for a flat plate as indicated by references 2
or 9 as a function of roughness parsmeter k'/L and fairing an averasge
curve through the points.




10 NACA TN 3230

The agreement between the present results for the 480- and
2)40-microinch-roughness models and Nikuradse's data is good. This
agreement may be fortuitous because of a possible error in the rough-
ness conversion factor, the different types of surface roughness used
in the investigations (circumferential ridges and sand grains), and
the fact that three-dimensional boundary-layer flow occurs on the ogive-
cylinder and two-dimensional boundery-lsyer flow on the flat plate.

For these reasons it would be inappropriate to conclude that there is
no effect of Mach number on divergence Reynolds number within the Mach
number rasnge under consideration, from O to 1.61.

The allowsble roughness represented by the curve in figure 8(a)
can be expressed by the equation

(U_T:)O’9 % - 19.8 (1)

v

or
kpg = 19.810-1Rp0.9 (2)

Thus, it appears that the allowable roughness height is essentially
independent of model length and dependent primerily upon changes in
Reynolds number per foot. The appearance of the length parameter stems
from the use of Nikuradse's data and is believed to result fortuitously
from the choice of variables involved in presenting Nilkuradse's data in
terms of flat-plate variables. It appears unrealistic that an increase
in model length should result in an increase in allowable roughness
height when nothing else is changed. From figure 8(b) an equation can
be derived which does not involve L and which is probably Just as
accurate. This equation, in terms of kg4, is

ke = 19-8Rpy 00 (3)

An interesting insight as to the permissible surface roughness at
supersonic speeds can be obtained from equation (3) or the curve of
figure 8(b). For example, it is found that, for an airplane or missile
flying at the test Mach number at an altitude of 50,000 feet, the
allowsble surface roughness is 660 microinches or about 470 microinches
root mean square. If the flight takes place at sea level the allowable
roughness is reduced to 130 microinches or sbout 90 microinches root
mean square. If the same relationship found in the present tests and
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in Nikuradse's tests should hold to higher Mach numbers, then at M =5
the alloweble surface roughnesses at 50,000 feet and at sea level would
become gbout 160 and 30 microinches root mean squere, respectively.
Apparently, then, surface-roughness effects are most critical at low
altitudes and at high speeds.

The variation of the incremental drag due to surface roughness ACfW

with change in R or Rgpy 1s shown in figure 9. The results are again

compared with Nikuradse's data reduced to a flat plate (ref. 2) and
again the agreement is good, except that the present results for the
480-microinch-roughness model apparently increase somewhat more rapidly
with Reynolds number than do the results from reference 1. This more
rgpid increase in ACf, with R in the present tests may be due to

the appearance of an increasing amount of wave drag as the roughness
protrudes farther into the supersonic portion of the boundary layer as
the boundary layer becomes thinner at the higher tunnel pressures.
Nevertheless, it msy be broadly concluded that the effects of surface
roughness for a turbulent boundary layer at supersonic speeds are very
similar to those at subsonic speeds.

It should be noted here that, although the divergence Reynolds number
in these tests 1s dependent almost exclusively on free-stream Reynolds
number and hence only on the free-stream flow conditions, the increment
in skin-friction drag due to surface roughness is dependent upon the
boundary-layer thickness within the Reynolds number range under considera-
tion in figure 7. Therefore, since the turbulent boundary layer is
thinnest immediately behind the tramnsition reglon, for the tests with
natural transition the first appearance and the largest increment in local
skin-friction drag due to roughness will probably occur in this region.

When the turbulent boundary layer 1s sufficiently thin, of course,
as at extremely high Reynolds numbers, the increment in skin friction
due to roughness no longer depends upon Reynolds number but depends
solely upon the average roughness height (refs. 1 and 2) as noted
previously.

Effects of Roughness Location

In reference 10, Von Karmsn notes that Nikuradse's results indicate
that the first appearance of drag due to surface roughness always occurs
when the surface roughness begins to exceed one-fourth the height of the
laminar sublayer. Consequently, it msy be expected that an increase in
divergence Reynolds number should be noted if the surface roughness does
not cover the whole body but begins some distance behind the nose of the
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body. The results of tests made to determine the accuracy of this pro-
diction are shown in figure 10. The data indicate that there was no
change in divergence Reynolds number when either the forward half or
the rear half of the cylinder of the essentially smooth (23-microinch-
roughness) model was covered with sandpaper.

In order to study the problem further, the thickness of the laminar
sublayer over the length of the model was computed for several values of
R, a l/7-power profile in incompressible flow being assumed. The results
are presented in figure 11. The plot indicates that the change in 8j,

along the body is relatively small, particularly at the higher values
of R, and the major change in sublayer thickness occurs as a result of
changes in pressure or Reynolds number per foot. An estimate from the
curves of figure 11 shows that a change In divergence Reynolds number
of the order of 10 percent, or within the accuracy of the tests, should
be expected for the two roughness locations. Hence, no relisble con-
clusion regarding the effects of laminar-sublayer thickness can be made.

Temperature-Recovery Characteristics

The variation of temperature-recovery factor with x/L for the
23- and 480-microinch-roughness models at several values of Reynolds
number is presented in figure 12. For fixed transition the recovery
factors of the two models are essentially the same within the accuracy
of the measurements and appear to be about constant through the
Reynolds number range investigated. The results of the tests with
natural transition indicate no significant differences in recovery
factor for the two models in the laminar-flow region. Small changes
appear in the Reynolds number reglon where transition is at a different
location on each model. Average values of recovery factor on the
cylindrical afterbody were about 0.87 and 0.90 for laminar and turbulent
boundary layers, respectively.

SUMMARY OF RESULTS

An investigation has been made of the effects of distributed sur-
face roughness on the skin-friction drag of an ogive-cylinder body of
revolution at a Mach number of 1.61. The tests were made at zero angle
of attack over a roughness range from 23 to 480 microinches root mean
square and over & Reynolds number range from 2.5 X 10° to 37 X 105 based
on body length. The results indicate that:

1. The effects of surface roughness at a Mach number of 1.6l are
generally similar to those found at subsonlc speeds.
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2. Both the allowable roughness height for a turbulent boundary
layer and the varliation with Reynolds number of the increment in skin-
friction drag due to roughness are in good agreement with Nikuradse's
low-speed results. The agreement may be somewhat fortuitous, however,
because of the different types of surface roughness employed and
because of the comparison between a three-dimensional body and a flat
plate.

5. At constant speed, the allowable roughness height is nearly
independent of model length and dependent primarily upon changes in
amblent static pressure or Reynolds number per foot. As an approxi-
mation, in inches root mean square,

Allowsble roughness height = 19.8 X (Reynolds number per foot)'0'9

4. An increase in surface roughness caused a small decrease in the
Reynolds nunber for transition at the model base.

5. Surface roughness had little or no effect on surface-temperature-
recovery factors for the laminar or turbulent boundary layers; the
temperature-recovery factors on the cylindrical portion of the model
were sbout 0.87 and 0.90 for the laminar and turbulent boundary layers,
resgpectively.

6. Pressure gradients or body shapes apparently have little or no
effect on the aversge skin-friction drag coefficient for smooth bodies
of high fineness ratio when the boundary leyer is turbulent.

Langley Aeronautical Laboratory,
Nationael Advisory Committee for Aeronautics,
Langley Field, Va., January 11, 195k.
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TABLE 1

DIMENSIONS OF MODELS

k, 2 2
L, in. d, in. win. rms Se, ft Sy, Tt
50.0 k.03 23 t 5 0.0886 h.05
50.0 k.05 8 £ 15 .0895 k.07
50.1 k.06 240 + 60 .0899 k.08
49.9 4.08 480 + 50 .0908 4.09

CONFIDENTTAL
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TABIE 2

IOCATION OF THERMOCOUPLES ON MODELS

e | wm | w
(a)
1, 16 3.05 0.06
2 6.01 .12
3 8.05 .16
N 11.02 .22
5 13.07 .26
6, 17 15.03 .30
T 18.03 .36
8 21.03 b2
9, 18 2. 0L .48
10 26.08 .52
11, 19 29.0k4 .58
12 33.04 .66
13 37.04 T4
14, 20 W .06 .88
15 48.03 .96

8Thermocouples 1 to 15 on top of

model; 16 to 20 on bottom.

CONFIDENTIAL
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Model k d
I 235 1403
2 8515 | 405
3 [240%60 | 4.06
4 [480*50| 4.08
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Figure 1.- Drawlng of test model. All dimensions are in inches except
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